Iodide is required for thyroid hormone synthesis in mammals and other vertebrates. The role of both iodide and iodinated tyrosine derivatives is currently unknown in lower organisms, yet the presence of a key enzyme in iodide conservation, iodotyrosine deiodinase (IYD), is suggested by genomic data from a wide range of multicellular organisms as well as some bacteria. A representative set of these genes has now been expressed, and the resulting enzymes all catalyze reductive deiodination of diiodotyrosine with k cat /K m values within a single order of magnitude. This implies a physiological presence of iodotyrosines (or related halotyrosines) and a physiological role for their turnover. At least for Metazoa, IYD should provide a new marker for tracing the evolutionary development of iodinated amino acids as regulatory signals through the tree of life. † Electronic supplementary information (ESI) available: NCBI accession numbers for IYD homologs chosen for expression; optimized conditions for expressing IYD homologs; SDS-PAGE gel images of purified IYD homologs; identification of active IYD from hydra (hmIYD); deiodination rate dependence on DIT concentration for IYD homologs. See
Introduction
Reductive dehalogenation is rare in aerobic organisms and even more unusual in Metazoans. 1, 2 Only two enzymes are known to catalyze reductive dehalogenation in mammals, and both are critical for thyroid function. Iodothyronine deiodinase (ID) catalyzes deiodination of thyroid hormone (TH) to regulate its physiological activity 3 while iodotyrosine deiodinase (IYD) catalyzes deiodination of mono-and diiodotyrosine (MIT and DIT) for iodide salvage from these byproducts of TH synthesis ( Fig. 1 ). 4 Despite similarities in function, their origins are quite diverse. ID is a member of the thioredoxin structural superfamily 5 and promotes deiodination of thyroxine with help of an active site selenocysteine. 6 In contrast, IYD is a member of the nitro-FMN reductase superfamily (formerly referred to as the NADH oxidase/flavin reductase superfamily) and its catalysis relies on a flavin cofactor (FMN). 7, 8 IYD is unique in its recruitment of flavin to promote reductive dehalogenation in mammals. 9 Sequence analysis of mammalian IYD detected an N-terminal membrane anchor, an intermediate domain and a large C-terminal catalytic domain that is homologous to flavoproteins associated with reduction of nitroaromatics among other types of substrates. 10 The crystal structure of IYD 11 revealed most similarity to a bacterial flavin destructase (BluB) responsible for synthesis of the lower ligand of vitamin B 12 . 12 Together, IYD and BluB form a distinct subclass within their superfamily based on the position of their active site lid sequences. 11, 12 The remaining two subclasses represented by NADH oxidase (NOX) from Thermus thermophilus and flavin reductase P (FRP) from Vibrio harveyi utilize different regions of their primary structure to form active site lids. 13, 14 Emergence of a deiodinase from this collection of activities is far from obvious and made all the more interesting due to its unusual dependence on a flavin for dehalogenation and its contribution to iodide homeostasis and thyroid function in higher organisms. This enzyme also has the potential to serve as a marker to trace the origins of cell signaling by iodinated compounds that ultimately culminated in the development of the mammalian thyroid.
A prerequisite for tracing IYD through the tree of life is a robust set of structural determinants. Automated sequence analysis will typically assign a protein to the correct superfamily but is much less reliable in predicting its function. 15 Additions to the nitro-FMN reductase superfamily are often broadly annotated as nitroreductases without regard to their potential catalytic diversity. The co-crystal structure of mouse (mm) IYD and MIT identified key residues that are expected to be diagnostic of deiodinase activity and not required by other activities within the superfamily. 11 The side chains of E153, Y157, and K178 interact directly with the zwitterion portion of MIT and appear critical for function ( Fig. 2) . 16 Although the mutation Y157F only diminished the k cat /K m of mmIYD for turnover of DIT by B35%, the affinity for MIT was suppressed by 20-fold. 16 More dramatic was the complete loss of catalytic activity and substrate affinity for the mutation E153Q. 16 Comparable analysis of K178G was not possible since the resulting protein could not be expressed in a soluble form.
The amide nitrogen of A126 provides yet another interaction to the substrate of IYD by coordinating to its phenolic OH group. BluB contains a Gly at an equivalent site (G61) but lacks all key residues responsible for coordinating MIT. 12 Another distinction is the T235 in IYD and the S167 in BluB that provide a side chain hydrogen bond to the O 4 and N 5 of FMN. 11, 12 No equivalent activation of FMN is evident in the remaining members of the superfamily. As described below, the residues corresponding to A126, E153, Y157, K178 and T235 of mmIYD now accurately predict deiodinase activity (Fig. 3 ). The presence of IYD extends well beyond initial expectations and includes diverse organisms not previously associated with a need for iodide conservation.
Methods

Cloning of homologous genes
IYD homologs from zebrafish, lancelet and honeybee were truncated to remove their N-terminal membrane domains predicted by TMHMM (ESI, † Table S1 ). 17 Full length sequences were used for IYD homologs from daphnia, sea anemone, hydra and the bacterium Haliscomenobacter hydrossis (DSM 1100).
Each gene included a C-terminal His 6 tag and flanking 5 0 BamHI and 3 0 XhoI restriction sites. Genes were synthesized (Blue Heron Biotechnology and GenScript) and subcloned to create SUMO-fusions in the pSMT3 plasmid 18 kindly provided, along with the expression vector for the SUMO-specific protease Ulp1, by Dr C. Lima (Memorial Sloan-Kettering Institute).
Expression of IYD homologs
Rosetta 2(DE3) E. coli cells were transformed with the appropriate pSMT3 plasmid and grown in LB media containing kanamycin and chloramphenicol at 37 1C with shaking to an OD 600 of 0.6-0.8. The media was then cooled and supplemented with isopropyl-b-Dthiogalacto-pyranoside as summarized in ESI, † Table S2 . Cells were harvested, resuspended in lysis buffer (500 mM NaCl, 0.1 mM DTT, 10% glycerol and 50 mM sodium phosphate pH 8.0) and lysed by three passages through a French press cell at 1000 psi. The lysates were centrifuged at 40 000g for 2 h.
Purification of IYD homologs
SUMO-IYD fusions were purified by Ni 2+ affinity chromatography using HisPur Ni-NTA resin. Supernatant was loaded and washed with 5 column volumes of lysis buffer containing increasing concentrations of imidazole (20 mM, 60 mM and 100 mM). SUMO-IYD fusions were eluted with 250 mM imidazole and treated with Ulp1 (1 : 200 w/w). Proteins from zebrafish (drIYD), lancelet (bfIYD), honeybee (amIYD) and H. hydrossis (hhIYD) were further purified using a 1 ml HiTrap Ni 2+ column. This was washed successively with 20 mM imidazole (10 ml), 60 mM imidazole (10 ml) and 100 mM imidazole (5 ml) in lysis buffer. The proteins were eluted with 250 mM imidazole in lysis buffer. Homologs from sea anemone (nvIYD), daphnia (dpIYD) and hydra (hmIYD) were dialyzed with 300 mM NaCl, 1 mM DTT, 10% glycerol and 50 mM sodium phosphate pH 8.0 and further purified by size exclusion chromatography using Sephacryl S-200 HR resin. A third affinity step using a HiTrap Ni 2+ column as described above was necessary for dpIYD.
The amino acid sequence of the active dpIYD fragment was identified by N-terminal sequencing (JHMI sequencing and synthesis facility). The extinction coefficients (e 280 ) for the IYD homologs were determined from their amino acid sequence using ExPASy ProtParam. 19 The concentration of FMN bound to enzyme was determined from A 450 (e 450 12 500 M À1 cm À1 ), 20 and the concentration of enzyme was determined from its A 280 after correcting for FMN absorbance using A 280 /A 450 of 1.57.
Estimation of enzyme concentration for hmIYD
Western blotting was used to confirm the presence of hmIYD in isolates exhibiting deiodinase activity (ESI, † Fig. S2 ). Total protein concentration was determined by the BCA assay per manufacturer's protocol (Pierce), and the percentage of hmIYD was determined by densitometric analysis of a Coomassie-stained SDS-PAGE gel using ImageQuant TL. The concentration of hmIYD was estimated from its average MW (33.5 kDa) observed in ESI, † Fig. S1B and S2B. 
Results
Selection and sequence analysis of IYD homologs
Using the sequence of mmIYD as reference, BLAST 23 identified homologous proteins within the nitro-FMN reductase superfamily from a wide range of organisms. Most sequences within the animal kingdom were annotated as deiodinases, but some from invertebrates lacked annotation, and most from bacteria were annotated as nitroreductases or simply as oxidoreductases.
To test the predictive powers of the IYD determinants described above, genes from organisms representing distinct phyla and classes within Metazoa as well as one from Eubacteria were chosen for expression in E. coli (Fig. 4) . The specific examples were selected based on a variety of criteria including an absence of domains superfluous to IYD activity and a minimal number of cysteines to avoid potential problems with protein folding. Organisms that have become representative of a phylum or class were also chosen when possible. Until very recently, few potential genes for IYD had been identified in bacteria, but a candidate from H. hydrossis seemed intriguing since this species is commonly found in waste water after sewage treatment. 24 The selected homologs all contained the conserved residues of the active site lid region that distinguishes the IYD subgroup within the superfamily and those critical for substrate and FMN coordination (Fig. 3) . 11, 16 Expression and purification of IYD homologs
Candidate proteins were expressed as fusions with SUMO to enhance their solubility. The final yields of drIYD, amIYD, Fig. 3 Multiple sequence alignment of the catalytic domains of IYD homologs. Alignment of homologs chosen for protein expression was generated using MUSCLE. 45 Numbering of the amino acids for each protein is indicated on the left and right of the alignment. Residues in red (or white) are fully conserved, and the sequences forming the active site lids are indicated with a box. Key residues coordinating to substrate and FMN are indicated with an (*) and (+), respectively. Secondary structure elements are derived from the crystal structure of mmIYD bound to DIT (PDB ID 3GH8). 11
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nvIYD and hhIYD after purification ranged from 3 to 5 mg L À1 of growth media. Expression of bfIYD, dpIYD and hmIYD primarily formed inclusion bodies even under optimized conditions (ESI, † Table S2 ), and yields of active enzyme were consequently less than 1 mg L À1 of growth media. The active fraction isolated for dpIYD was found to be truncated in situ by 55 amino acids from the N-terminus. Multiple proteins were evident after separation of the soluble fraction of SUMO-hmIYD by Ni 2+ affinity chromatography. As evident from densitometry, only B55% of the soluble protein was susceptible to Ulp1, the protease used to remove the SUMO fusion. This is consistent with misfolding of the expressed protein.
Further purification using size exclusion chromatography yielded an active fraction containing multiple proteins including those derived from SUMO-hmIYD and host proteins as identified by Western blot and Coomassie staining (ESI, † Fig. S2) . A truncated SUMO-hmIYD comprising ca. 15% of the protein was detected in the active fraction by scanning densitometry. Difficulties in hmIYD expression likely arose from use of sequence information that has since been revised in the NCBI database. The updated version differs in the first 42 amino acids. All other IYD homologs were purified to homogeneity (ESI, † Fig. S1 ), and most contained FMN at 95% occupancy. Only nvIYD and hmIYD had lower FMN occupancies of 55% and 59% respectively.
Catalytic activity
All homologs showed deiodinase activity with DIT as a substrate. Their k cat /K m values were clustered between ca. 0.3 min À1 mM À1 to 3.5 min À1 mM À1 (Table 1) . Their K m values ranged from 4 mM to 105 mM and k cat values ranged from 4.1 min À1 to 32 min À1 . The sea anemone enzyme (nvIYD) generated the highest K m and k cat values, but the daphnia and hydra enzymes (dpIYD and hmIYD, respectively) generated the highest k cat /K m values. In contrast, the closest structural homolog of IYD (BluB) expressed no deiodinase activity above the limit of detection at K m Z 133 mM, k cat r 0.06 min À1 and a k cat /K m r 5 Â 10 À4 min À1 mM À1 . Likewise, no BluB-like activity was previously observed for mmIYD after its reduced form was exposed to molecular oxygen, 25 and physiological concentrations of reduced nicotinamides were not capable of driving efficient turnover of mmIYD as expected if it could express a flavin or nitroreductase activity. 26 
Discussion
All of the tested homologs expressed iodotyrosine deiodinase activity with k cat /K m values narrowly distributed over a single order of magnitude, and thus the key residues selected from the crystal structure of mmIYD (Fig. 2) are excellent criteria for predicting deiodinase activity within the nitro-FMN reductase superfamily. Phylogenetic analysis of the catalytic domains of the deiodinases, nitro-FMN reductases and BluB (Fig. 5 ) suggests a divergent evolution from a common prokaryotic ancestor. BluB, the closest structural relative of IYD, did not exhibit deiodinase activity although BluB and IYD have active site lids that derive from the same region of primary sequence 11, 12 and flavin chemistry that is poised for sequential one electron transfer processes. 4 The same lid regions are not evident in NOX and FRP and instead other regions of their primary sequence form their active site lids. Such differences serve to distinguish the subclasses of enzymes within the supferfamily. 11 NOX and FRP are also distinct from the IYD and BluB subclasses a Parameters for mmIYD were previously reported. 16 b Parameters k cat and k cat /K m calculated from estimated enzyme concentration (see experimental procedures). c Significant figures were determined from the magnitude of associated uncertainties. Fig. 4 The tree of life. A tree indicating the diversity of organisms in which IYD homologs were identified and chosen for expression. Phylum and class for each organism were obtained from the NCBI taxonomy browser. 46 Branches are not drawn to scale. by promoting substrate reduction through an obligate two electron process. 10 The presence of IYD in Craniata (Fig. 4) is easily explained by the presence of a thyroid gland, its associated TH and the concomitant need to salvage the scarce nutrient iodide. 27 IYD and iodide salvage is also expected in the remaining branches of Chordata lacking the thyroid. For example, the genome of lancelet contains homologs of most genes required for generating TH and an endostyle that may represent a protothyroid. 28 The presence of deiodinase activity in Arthropoda is very intriguing since there is no confirmed evidence for endogenous synthesis of TH 29 although a limited number of reports suggest that TH can be obtained exogeneously 29, 30 and affect insect metabolism. [31] [32] [33] The requirements for iodide recycling and the effects of iodinated amino acids on insect development has yet to be determined. 33 IYD might even have an alternative role in catabolism of scleroproteins that often contain halogenated tyrosines. 27 The physiological role of IYD in the cnidarians hydra and sea anemone is currently unknown, and no reports on their sensitivity to iodide, iodotyrosine or TH could be found.
However, these materials are all capable of initiating strobilation (metamorphosis from polyp to medusa) in another cnidarian, the jellyfish Aurelia aurita. 34 DIT was most effective in these studies and is consistent with a proposal that iodotyrosines could be evolutionary precursors of THs. 35 This presents a possibility that IYD may assume a regulatory role by its ability to degrade this primitive iodinated signal.
An equivalent function cannot be extrapolated to bacteria (e.g., H. Hydrossis) even though certain strains have been shown to accumulate iodine. 36, 37 More likely, bacterial IYD serves a catabolic or detoxification role enabling the bacteria to adapt to environments containing iodinated compounds such as those created by algae blooms. Chlorinated and brominated derivatives may also be consumed by bacterial IYD since at least mmIYD is known to dehalogenate bromoand chlorotyrosine. 25 A recent BLAST search using stringencies lower than those of our original survey (including hits with expect values >10 À59 ) revealed over 200 bacteria contain proteins within the nitro-FMN reductase superfamily that should now be classified as deiodinases according to the criteria established in this study. Some species even contain genes from multiple subclasses of the nitro-FMN reductase superfamily. For example, IYD and a FMN reductase are present in Vibrio harveyi, a model bacterium for bioluminescence and quorum sensing studies. 38, 39 Similarly, IYD and a nitroreductase are present in Deinococcus peraridilitoris, a recent addition to the Deinococcus genus of bacteria resistant to ionizing radiation. 40 A few candidate deiodinases are also evident in Archaea (e.g. Pyrococcus furiosus) although these consistently contain a Met at the site corresponding to A126 in mmIYD. Their presence may originate from lateral gene transfer between thermophilic bacteria that also contain the Ala to Met substitution. 41 In contrast, no deiodinase gene has yet been discovered in Fungi. Even Neurospora crassa that relies significantly on flavoproteins for metabolism 42 does not contain an IYD gene. The genes most related to IYD in fungi had very weak homologies as indicated by e values of greater than 9 Â 10 À6 . Greater homologies were evident between FRP and its homologues in fungi (e Z 10 À39 ). In contrast, no protein sequences from plants registered an e value of less than 0.2 when compared to IYD, BluB, NOX or FRP.
Conclusion
The successful identification of a specialized enzyme such as IYD in diverse organisms demonstrates the importance of experimental data to support the functional assignment of a flavoprotein. 42, 43 IYD revealed an origin that is much more ancient than would be anticipated by its iodide salvage activity in mammals and may indicate requirements for iodide or iodinated molecules in most multicellular organisms. The enzyme is now ready to join the ranks of other TH-associated proteins in describing the evolution of TH signaling. 28, 44 Fig. 5 Phylogenetic analysis focusing on the IYD branch of the nitro-FMN reductase superfamily. A phylogenetic tree was generated by phylogeny.fr 47 integrating MUSCLE, 45 PhyML, 48 and TreeDyn 49 for multiple sequence alignment, phylogenetic analysis and tree rendering, respectively. Catalytic domains of IYD homologs and aligned regions of BluB (PDB ID 2ISJ), NOX (PDB ID 1NOX) and FRP (PDB ID 2BKJ) were used as input sequences. The branch lengths are proportional to the number of amino acid substitutions per aligned residue.
